We demonstrate the existence of fundamental and dipole interface solitons in one-dimensional thermal nonlinear media with a step in linear refractive index. Fundamental interface solitons are found to be always stable and the stability of dipole interface solitons depends on the difference in linear refractive index. The mass center of interface solitons always locates in the side with higher refractive index. Two intensity peaks of dipole interface solitons are unequal except some specific conditions, which is different from their counterparts in uniform thermal nonlinear media. Surface waves are localized waves residing at the interface between two media with different optical properties. They have been used to study the surface properties of media in physics, chemistry, and biology. In the presence of nonlinearity, some kinds of surface solitons have been found theoretically and experimentally. Recently, nonlocal surface solitons have been studied both theoretically and experimentally [18] [19] [20] [21] [22] . It is proved that the nonlocality can support various types of surface solitons, such as multipole surface solitons [19] [20] [21] , vortex surface solitons [19] , and incoherent surface solitons [22] . Surface dipoles, vortices, and bound states of vortex solitons are found to be stable at two dimensional interfaces [19] . In one dimension case, multipole surface solitons are stable when the number of poles is less than three, whereas the higher-order solitons can be stable in layered thermal media [20] . When the interface is formed by two nonlocal nonlinear media, both fundamental and dipole interface solitons are found to be stable in the presence of the optical lattice, but dipole interface solitons do not exist in uniform latticeless media [21] . Here we study the surface waves at the interface formed by two thermal nonlinear media, in which the boundary force effect [23, 24] can support the existence of dipole interface solitons.
mental interface solitons are always stable and the stability of dipole interface solitons depends on the refractive index difference between two media. Two intensity peaks of dipole interface solitons are unequal except some specific conditions, which is different from their counterparts in uniform thermal media.
We consider a (1+1)dimensional thermal sample occupying the region −L ≤ x ≤ L. The sample is separated into two parts at the center (x = 0). Two boundaries (x = ±L) and the interface are thermally conductive. All parameters of the two parts, such as thermal conductivity coefficient, absorption coefficient and thermal coefficient, are the same except the linear refractive index. The propagation of a transverse-electric (TE) polarized laser beam is governed by the dimensionless nonlocal nonlinear Schrödinger equation 
(ii) in the right, i.e. 0 ≤ x ≤ L i ∂q ∂z + 1 2
where x and z stand for the transverse and longitudinal coordinates scaled to the beam width and the diffraction length, q is the complex amplitude of optical field, n is the nonlinear refractive index change, and n d > 0 is proportional to the linear refractive index difference between two media. The boundary conditions can be described as q(±L) = 0 when the laser beam is narrow and far from two boundaries. The continuity conditions at the interface (x = 0) depend on the polarization. For the TE polarized wave, the continuity conditions for the transverse field are q(−0) = q(+0) and ∂q/∂x| x=−0 = ∂q/∂x| x=+0 [18] . For the nonlinear refractive index, we have the boundary conditions n(±L) = 0 because two boundaries are thermally stabilized by means of external heat sinks [18, 20] . Since the interface is also thermally conductive, we have the continuity relation n(−0) = n(+0). From the continuity of q and the nonlinear equations in Eqs. (1) and (2) , the derivative of nonlinear refractive index is also continuous.
We search for the soliton solutions for Eqs. (1) and (2) in the form q(x, z) = w(x) exp(ibz), where w(x) is a real function, b is the propagation constant. An iterative method is used to get numerical solutions for different n d and b. The results for fundamental and dipole interface solitons are shown in Figs. 1 and 2 , respectively.
In order to elucidate the stability of interface solitons, we search for the perturbed solutions of Eqs. (1) and (2) in the form q = (w + u + iv) exp(ibz), where u(x, z) and v(x, z) are the real and the imaginary parts of small perturbations. The perturbation can grow with a complex rate σ upon propagation. Substituting the perturbed soliton solution into Eqs. (1) and (2), and using the stationary soliton solution w(x), one can get the linear eigenvalue problem around stationary solution w(x),
and
′ , σ r (real part of σ) represents the instability growth rate.
The eigenvalue problem of Eqs. (3) and (4) has been solved numerically. We find that the fundamental interface solitons are always stable in their whole domain for both small and large n d . For comparison, we know that an optical beam can form a stable fundamental soliton in bulk thermal nonlocal media [25, 26] , and fundamental surface solitons are also stable in thermal nonlocal media [20] .
First, we discuss fundamental interface solitons as shown in Fig. 1 . In our model, when n d approaches zero, the interface soliton reduces to a bulk soliton. As n d increases, the stable interface soliton shifts itself to the higher index part. The soliton mass center, defined as
2 dx, will always locate in the left part where the linear refractive index is higher. For example, for n d = 0.05 as shown in Fig. 1 (a), x g = −3.8 and most energy of the soliton resides in the left part, while a little energy resides in the right. |x g | increases monotonically as n d increases, as shown in Fig. 1(c) . When n d > 1, almost all energy of the soliton resides in the left part [ Fig. 1(b) ]. The intensity profiles for larger n d are similar to those of surface solitons [18, 20] , whereas the nonlinear index changes are different. For surface solitons, there is a step in the nonlinear index at the interface [18, 20] , but the nonlinear index distribution is continuous at the interface in our model. For much larger n d , x g and w 0 approach to certain values, i.e. x g → −6 and w 0 → 4.7 for b = 0.5 and L = 30 as shown in Figs. 1(c) and 1(d). Because the boundary force effect [23, 24] always pushes the soliton to the center of the sample, the interface soliton can not shift away from the interface. It is obvious that the asymptotic value of x g is proportional to the asymptotic beam width when n d approaches to infinity. The asymptotic value of |x g | decreases as the propagation constant b increases [same as the beam width shown in Fig. 1(e) ], but increases as the sample size L increases [ Fig. 1(c) ]. As shown in Fig. 1(f) The results of dipole interface solitons are shown in Figs. 2 and 3 . The change of the two intensity peaks of interface dipoles is interesting. When n d approaches to zero, similar to a bulk dipole soliton, the two intensity peaks are equal. As n d increases, the two peaks increase at different rates and the right peak becomes higher than the left one [ Figs. 2(a) and 2(b) ], whereas the mass cen- An important result of this paper is that the stability of dipole interface solitons depends on the index difference n d . For comparison, dipole surface solitons in thermal nonlocal media are stable [20] , but dipole interface solitons in nonlocal nonlinear media with a finite range of nonlocality are unstable [21] . Figure 4 Fig. 4(a) ]. The relation between critical propagation constant b c and n d is shown in Fig. 4(c) for different sample sizes L. If n d is very small, the dipole interface solitons are stable almost in their whole domain, which consists with the dipole solitons in bulk nonlocal media [25, 26] .
In Ref. [21] , lattices are found to be necessary for the dipole solitons at the interface of two nonlocal nonlinear media with a finite range of nonlocality. Here the thermal nonlinearity has an infinite range of nonlocality and the boundaries are essential [18] . The boundary force effect, which vanishes in the nonlocal nonlinear media with a finite range of nonlocality, can support the stability of dipole interface solitons, whatever small or large n d . From Fig. 4(c) , b c varies slightly when the sample size is doubled. It implies that the boundary force effect do not decrease significantly when the boundaries move far away from the solitons. Due to the infinite range of nonlocality, dipole interface solitons can exist in very large samples. To confirm the results of the linear stability analysis, we simulate the soliton propagations based on Eqs.
(1) and (2) with the input condition q(x, z = 0) = w(x)[1 + ρ(x)], where w(x) is the profile of the stationary wave and ρ(x) is a random function which stands for the input noise with the variance δ 2 noise = 0.01. Figure 5 presents the propagations of fundamental and dipole interface solitons. As expected, the fundamental and dipole interface solitons at the stable region predicted by the linear stability analysis survive over long propagation distance in the presence of the input noise [ Figs. 5(a)-(c) ]. Figure 5 (d) presents a dipole soliton in the instability region, it experiences oscillatory instability after propagating over a certain distance.
To conclude, we have presented the study of interface solitons in thermal nonlinear media. This type of solitons shows some unique properties which differ from those of bulk solitons and surface solitons. The linear stability analysis shows that fundamental interface solitons are always stable and the stability of dipole interface solitons depends on the difference in the linear refractive index. We consider that the boundary force effect plays an important role in the stability of dipoles. As the index difference n d approaches to zero, our interface solitons reduce to the corresponding bulk solitons which have been proved to be stable. For large n d , the interface solitons are similar to the surface solitons in intensity profiles, but different in nonlinear refractive indices.
